A highly efficient method for the formal synthesis of the natural product (±)-coerulescine 1 from tetrahydro-β-carboline 3, mediated by dimethyldioxirane (DMD), is described. Compound 15, the N9-demethylated precursor of 1, was prepared from 3 in 4 steps with an overall yield of 95%. The effect of electron withdrawing groups at the N2,N9 atoms of 3 was explored for the oxidative rearrangement step.
The spiro[pyrrolidine-3,3'-oxindole] ring system is present in a variety of natural products with potential biological activities. These compounds are important targets in medicinal and synthetic organic chemistry, as reflected by the number of synthetic approaches hitherto [1] . Coerulescine 1, of unknown absolute configuration was isolated from the canary grass Phalaris coerulescens [2] , and horsfiline 2, isolated from Horsfieldia superba [3] are the simplest alkaloids possessing the spirooxindole skeleton.
Among different strategies to construct the spiropyrrolidinyl-oxindole skeleton, the oxidative rearrangement of tetrahydro-β-and -γ-carbolines is widely employed because it represents the most direct route based on a C9a-C1 bond shift. Several reagents have been used for such a purpose e.g., Pb(OAc) 4 /MeOH-H 2 O-AcOH [3] , HCl-H 2 O-MeOH [4] , thallium(I) ethoxide [5] , tert-butylhypochlorite-Et 3 N/AcOH-MeOH-H 2 O [6] and NBS/THF-H 2 O-AcOH [7] . Recently, we developed new strategies for the synthesis of 3a-hydroxylated furoindolines or pyrrolidinoindolines involving two successive dimethyldioxirane (DMD) mediated oxidations, starting from suitable 3-substituted indoles [8] . A characteristic feature is that the reaction proceeds under neutral conditions [9] in high yields. Due to our continued interest in the synthetic applications of DMD, herein we report the formal synthesis of (±)-coerulescine 1 by oxidative rearrangement of a tetrahydro-β-carboline using this procedure.
Since oxidation of indole derivatives with DMD is favored by electron-withdrawing groups at the nitrogen atom of the Compound 4 gave single crystals suitable for X-ray diffraction analysis. The corresponding structure is shown in the Figure 1 , which shows that the E conformer is preferred in the crystalline state. The sum of bond angles around the N2 atom is 358.13°, suggesting that the geometry of the nitrogen atom is almost planar according to the degree of pyramidalization defined as 360° -∑(R-N-R) [11] . Next, we focused our attention on DMD oxidation of β-carbolines 4-8 bearing different N-substituents. As expected, electron-withdrawing groups at both N2 and N9 atoms appear to influence the efficiency of the C4a=C9a double bond oxidation. In fact, when a methyl group was present at N2, instead a carboalkoxyl group as in 7, the reaction failed to give the corresponding spirooxindole 9, alternatively the β-carboline N-oxide 10 was obtained in 75% yield (Scheme 1). The 1 H NMR spectrum of 10 shows an AB pattern at δ 4.87 and 4.67 (J AB = 16.4 Hz) for the C-1 methylene protons, and the N2-Me signal at δ 3.34 shifted downfield compared with that of 7 (δ 2.54). Also, monocarboalkoxylated β-carbolines 4 and 5 failed to give the corresponding spirooxindoles since starting materials were recovered. However, when the N2,N9-dicarbomethoxylated β-carboline 6 was treated with 2.5 equiv of DMD, generated in situ from oxone in acetone, oxidation of the C4a=C9a double bond occurs, affording the rearranged oxindole 13 in 90% yield (Scheme 2) through intermediate epoxide 11. The 13 C NMR spectrum of 13, obtained in CDCl 3 , shows a characteristic signal for C2 at δ 176.2. Analogously, oxidation of 8 with 2.5 equiv of DMD gave the corresponding spirooxindole 14 in 99% yield. Due to slow N-C rotation, N-COOMe substituted indoles originate syn/anti rotamers [11] as evidenced in the Experimental Section by the 'doubling' of some NMR signals for 4, 8, 13, 14 and 16.
Removal of the N-methoxycarbonyl group in 13 with methanolic potassium hydroxide afforded 15 in 74% yield, while removal of the Boc protecting group from 14 with t-BuNH 2 /MeOH [12] gave the N9-Boc protected oxindole 16 in 98% yield. In addition, it is known that treatment of 16 with TFA affords 15 in quantitative yield [13] . Since (±)-coerulescine 1 has been prepared from 15 [4] by treatment with HCHO-AcOH-NaBH 3 CN in 91% yield, the above procedure constitutes a formal total synthesis of 1.
In summary, we have demonstrated that oxidative rearrangement of β-carbolines carrying electronwithdrawing groups at both N2 and N9 positions, to provide spiropyrrolidinyloxindoles, can be performed in excellent yields using DMD under neutral conditions at room temperature in a few hours. This non-expensive, practical procedure has been applied to the formal total synthesis of (±)-coerulescine (1).
Experimental
General experimental procedures: Melting points were determined on a Büchi B-540 apparatus and are uncorrected. IR spectra were recorded on a Perkin Elmer 2000 FTIR spectrophotometer. The 400 and 100 MHz 1 H and 13 C NMR spectra were obtained on a JEOL Eclipse 400 spectrometer, while the 300 and 75 MHz 1 H and 13 C NMR spectra were obtained on a Varian Mercury-300 spectrometer, using the indicated solvent and TMS as the internal reference. For the complete assignments, 2D HMQC, HETCOR and HMBC NMR spectra were used. Chemical shifts (δ) are reported in ppm from TMS. Data are reported as follows: chemical shift, integration, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, br = broad, m = multiplet), coupling constants (Hz) and assignment. Low-resolution mass spectra were recorded at ionizing voltages of 70 and/or 20 eV on a Hewlett Packard 5989-A spectrometer. Highresolution (HR) mass spectra were measured on a JEOL JMS-SX 102A mass spectrometer at Instituto de Química, UNAM-Mexico. Analytical thin-layer chromatography (TLC) was done on silica gel 60 F 254 coated aluminum sheets (0.25 mm thickness) with a fluorescent indicator. Visualization was with UV light (254 nm). Flash chromatography [14] was on Aldrich silica gel 60 (230-400 mesh). -1,2,3,4 -tetrahydro-β-carboline (4): To a solution of 3 (100 mg, 0.58 mmol) and triethylamine (0.87 mmol) in anhydrous methylene chloride (10 mL) was added ClCO 2 Me (1.16 mmol) diluted in methylene chloride (1 mL) and stirred at r. t. for 1 h. A saturated solution of NH 4 Cl (20 mL) was added and the mixture was extracted with CH 2 Cl 2 (3 x 25 mL). The organic phase was washed with an aqueous saturated solution of NaHCO 3 (1 x 10 mL), dried over Na 2 SO 4 , filtrated and concentrated in vacuum. The resultant crude product was purified by column chromatography eluting with EtOAc/hexane 1:3 to give 4 as a white solid (130 mg, 97%). 
2-Methoxycarbonyl

2,9-Di-tert-buthoxycarbonyl-1,2,3,4-tetrahydro-βcarboline (8):
To a cooled solution of 300 mg of 3 (1.74 mmol) and 959 µL Boc 2 O (2.4 eq) in anhydrous THF (4 mL) were added 2 equiv of NaH (84 mg, 3.48 mmol) and the resulting mixture was heated under reflux for 15 h. After cooling to 5 °C EtOAc (60 mL) was added. The mixture was washed with brine (2 x 20 mL), dried over Na 2 SO 4 , filtrated and concentrated in vacuum. The resultant crude product was purified by column chromatography eluting with EtOAc/hexane 1:6 to give 8 as colorless oil (640 mg, 98%). General procedure for the preparation of 1,2,3,4tetrahydro-β-carboline N-oxide (10) and spirooxindoles 13 and 14: To a solution of the appropriate β-carboline 6 (50 mg, 0.174 mmol), 7 (50 mg, 0.205 mmol), or 8 (60 mg, 0.161 mmol), in acetone (7-10 mL) was added an aqueous solution (1.5 mL) of disodium EDTA (5 mg) and NaHCO 3 (3.5 equiv). The resulting thick mixture was treated dropwise at room temperature over 5 min with an aqueous solution (0.8 mL) of oxone monopersulfate complex (2.5 equiv of KHSO 5 ). The resulting mixture was stirred at room temperature for additional 1 h for 6, 5 min for 7, and 3 h for 8. The acetone was evaporated under reduced pressure and the residue was dissolved in MeOH (2 mL) for 7, and in EtOAc (50 mL) for 6 and 8. The EtOAc organic phases were washed with brine (2 x 20 mL), dried over Na 2 SO 4 , filtrated and concentrated in vacuo. The resultant crude products were purified by flash column chromatography with MeOH for 10, EtOAc/hexane 1:4 for 13, and EtOAc/hexane 1:6 for 14.
1,2,3,4-Tetrahydro-β-carboline
N-oxide (10): Obtained from 7 as a colorless oil (40 mg, 75%). (16) : To a solution of 14 (58 mg, 0.149 mmol) in MeOH (2 mL) was added t-BuNH 2 (1.1 mL, 70 equivalents) and the mixture was heated in a sealed tube for 6 h. After cooling to rt the volatiles were evaporated to dryness and the resultant crude product was purified by column chromatography eluting with EtOAc/hexane 1:3 to give 16 as a pale yellow oil (42 mg, 98%). 1 
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1'-tert-Buthoxycarbonyl-(1H-indole-3,3'-pyrrolidin)-2-one
X-Ray diffraction analysis of 4:
Single crystals of 4 were grown from EtOAc/hexane as colorless blocks in the monoclinic space group P2 1 /n with cell dimensions a = 9.555(3) Å, b = 11.887(2) Å, c = 10.620(1) Å, β = 106.99(2)°. The X-ray data were collected on a Bruker-Nonius CAD4 diffractometer equipped with Cu-Kα radiation (λ = 1.54184 Å) in the ω-2θ scan mode. Unit cell refinements were done using the CAD4 Express v 2.0 software. The structure was solved by direct methods using the SHELXS 97 software [15, 16] . For the structural refinement, the non-hydrogen atoms were treated anisotropically, and the hydrogen atoms, included in the structure factor calculation, were refined isotropically to final R indices (all data) R = 4.8%, Rw = 14.7%. The CCDC deposition number is 727742.
